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ABSTRACT
In this paper we analyze multi-epoch Very Long Baseline Interferometry (VLBI)
water maser observations carried out with the Very Long Baseline Array (VLBA)
toward the high-mass star-forming region AFGL 2591. We detected maser emission
associated with the radio continuum sources VLA 2 and VLA 3. In addition, a water
maser cluster, VLA 3-N, was detected ∼ 0.5′′ north of VLA 3. We concentrate the
discussion of this paper on the spatio-kinematical distribution of the water masers to-
wards VLA 3-N. The water maser emission toward the region VLA 3-N shows two bow
shock-like structures, Northern and Southern, separated from each other by ∼ 100 mas
(∼ 330 AU). The spatial distribution and kinematics of the water masers in this clus-
ter have persisted over a time span of seven years. The Northern bow shock has a
somewhat irregular morphology, while the Southern one has a remarkably smooth
morphology. We measured the proper motions of 33 water maser features, which have
an average proper motion velocity of ∼ 1.3 mas yr−1 (∼ 20 km s−1). The morphology
and the proper motions of this cluster of water masers show systematic expanding mo-
tions that could imply one or two different centers of star formation activity. We made
a detailed model for the Southern structure, proposing two different kinematic mod-
els to explain the 3-dimensional spatio-kinematical distribution of the water masers:
(1) a static central source driving the two bow-shock structures; (2) two independent
driving sources, one of them exciting the Northern bow-shock structure, and the other
one, a young runaway star moving in the local molecular medium exciting and molding
the remarkably smoother Southern bow-shock structure. Future observations will be
necessary to discriminate between the two scenarios, in particular by identifying the
still unseen driving source(s).
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1 INTRODUCTION
In the last few decades great progress has been made in the
understanding of how low-mass stars form, through multi-
wavelength observations and detailed theoretical models. It
is now relatively well understood that during the early stages
of evolution of low-mass stars, a system is formed with a
central protostar, surrounded by a rotating accretion disk
at scales of ∼ 100 AU, and ejecting a highly collimated jet
along the polar axis of the disk. While the disk is the reser-
voir from which the protostar accretes further matter, the
ejected outflow removes angular momentum and magnetic
flux from the system, allowing the accretion to proceed un-
til the central star is assembled (e.g., Lada 1995; McKee &
Ostriker 2007; Machida, Inutsuka & Matsumoto 2008; Ar-
mitage 2011; Williams & Cieza 2011). However, the pro-
cesses that give rise to massive stars (& 8 M⊙) are still
not well understood. Several well differentiated mechanisms
for forming massive stars have been proposed. For exam-
ple, via an accretion disk (as low-mass stars, but with a
higher accretion rate), via competitive accretion in a proto-
cluster environment, or via mergers in very dense systems of
lower mass stars (Bally & Zinnecker, 2005). Distinguishing
between these possible scenarios is a very difficult observa-
tional task, essentially because massive young stars are rare
and more distant compared to low-mass young stars. Fur-
thermore, massive stars form in clusters in highly obscured
regions, making it difficult to identify individual massive
young stellar objects (YSOs) for detailed studies (see, e.g.,
Hoare & Franco 2007; Hoare et al. 2007; Zinnecker & Yorke
2007 and references therein). In this sense, recent interferom-
eter observations at cm and (sub)mm wavelengths with an-
gular resolutions of ∼ 0.1′′ (∼ 100 AU at 1 kpc distance) sug-
gest that stars with masses at least up to ∼ 20 M⊙ may form
via the accretion disk scenario, in a similar way as low-mass
stars do, although the number of massive disk-protostar-jet
systems identified and studied at scales of ∼ 1000 AU is still
very small (e.g., Patel et al. 2005; Jime´nez-Serra et al. 2007;
Torrelles et al. 2007; Zapata et al. 2009; Davies et al. 2010;
Carrasco-Gonza´lez et al. 2010, 2012; Ferna´ndez-Lo´pez et al.
2011).
Within this context, observations of maser transitions
of several molecular species (e.g., H2O, OH, CH3OH) in the
proximity of high-mass protostellar objects (HMPOs) pro-
vide a powerful diagnostic tool to investigate the first stages
of the evolution of massive star formation (e.g., Sanna et al.
2010a,b; Bartkiewicz & van Langevelde 2012). In particular,
the use of Very Long Baseline Interferometry (VLBI) tech-
niques for observing maser emission with angular resolution
. 1 mas (. 1 AU at 1 kpc distance), allows us to study
some of the main properties of the densest and hence most
obscured portions of molecular clouds where the new mas-
sive stars are born. In addition, it is possible to derive the
three-dimensional (3D) velocity distribution of the masing
gas very close to HMPOs (e.g., Goddi et al. 2006; Matthews
et al. 2010; Goddi, Moscadelli & Sanna 2011; Torrelles et al.
2011; Chibueze et al. 2012), and through polarization mea-
surements, the distribution and strength of the magnetic
field in the cores of star forming regions (e.g., Vlemmings
et al. 2006, 2010; Surcis et al. 2011a,b, 2012). Moreover, the
detection of outflow activity by means of VLBI maser ob-
servations also allows us to identify new, previously unseen
centers of massive star formation, some of them associated
with unexpected phenomena such as “short-lived” episodic
ejection events characterized by kinematic ages of a few tens
of years in the earliest stages of evolution of HMPOs (Tor-
relles et al. 2001, 2003, 2011; Gallimore et al. 2003; Surcis
et al. 2011a; Chibueze et al. 2012; Sanna et al. 2012).
AFGL 2591 is one of the most extensively studied
high-mass star-forming regions in our Galaxy (e.g., van
der Tak et al. 2006; Jime´nez-Serra et al. 2012 and refer-
ences therein). Located in the Cygnus X region, its dis-
tance has been recently estimated as 3.33 ± 0.11 kpc, via
measurements of trigonometric parallax of masers (Rygl et
al. 2012). It appears completely obscured at optical wave-
lengths, but it has a very high luminosity in the infrared
(IR) (Lbol ≃ 2 × 10
5 L⊙; Sanna et al. 2012). Three radio
continuum sources have been detected toward AFGL 2591
within an area of ∼ 6′′×6′′ (∼ 0.1 pc), VLA 1, VLA 2,
and VLA 3 (Campbell 1984; Trinidad et al. 2003). Of these,
VLA 3 is believed to be the youngest (∼ 2×104 yr; Tofani
et al. 1995; Doty et al. 2002; Sta¨uber et al. 2005) and more
massive object (mass in the range 20-38 M⊙), dominating
the IR emission of the region (Sanna et al. 2012). Submil-
limeter Array (SMA) observations carried out by Jime´nez-
Serra et al. (2012) show that VLA 3 is surrounded by a hot
molecular core and that the global kinematics of the molec-
ular gas is consistent with Keplerian-like rotation around a
central source of ∼ 40 M⊙. In addition, a powerful molec-
ular outflow aligned along the east-west direction has been
observed in the region (Bally & Lada 1983; Torrelles et al.
1983; Lada et al. 1984; Mitchell, Maillard & Hasegawa 1991),
with VLA 3 being its most likely driving source candidate
(Trinidad et al. 2003). On the other hand, VLA 1 and VLA 2
are optically thin HII regions excited by early B-type stars
(Trinidad et al. 2003).
Water maser emission is observed toward this mas-
sive star forming region, mainly associated with sources
VLA 2 and VLA 3 (Tofani et al. 1995; Trinidad et al. 2003).
Trinidad et al. (2003) detected with the Very Large Array
(VLA; beam size ≃ 0.08′′) two well-differentiated clusters
of water masers in the vicinity of VLA 3, one peaking at
(and probably excited by) this massive YSO, and the other
located ∼ 0.5′′ (∼ 1600 AU) north from it (see Figure 1).
These authors suggest that the latter cluster is excited by an
independent, still undetected embedded YSO located ∼ 0.5′′
north from VLA 3. This interpretation has been recently
supported by Sanna et al. (2012) with VLBI multi-epoch
water maser observations (angular resolution of 0.6 mas),
which show that the cluster of masers to the north of VLA 3
is formed by two bow shock-like structures separated ∼
0.12′′ (∼ 400 AU), and moving away from each other along a
north-south direction with proper motions of ∼ 20 km s−1.
Sanna et al. propose that a still undetected central massive
protostar(s) (probably a late B-type star, based on the lu-
minosity of the masers) is ejecting a jet that generates the
two bow shocks at its tips. The short kinematic age of the
expanding motions traced by the water masers (few tens of
years) also led these authors to suggest that they are prob-
ably the result of recurrent pulsed jet events rather than
of a steady jet from the central protostar(s). Therefore, this
could represent an important new case providing indications
that massive objects are characterized by recurrent outflow
Water maser outflow event in AFGL 2591 VLA 3-N 3
AFGL 2591
Figure 1. VLA 3.6 cm continuum contour map of the high-mass star forming region AFGL 2591, showing the radio continuum sources
VLA 1, VLA 2, and VLA 3, all of them excited by massive stars (see §1). Plus symbols indicate the positions of the VLA 22 GHz water
masers detected in the region (figure from Trinidad et al. 2003). The region analyzed and discussed in this paper is VLA 3-N (enclosed
by a dashed square), located ∼ 0.5′′ north of VLA 3. This is the region where Trinidad et al. (2003) proposed that an internal source
other than VLA 3 is exciting these water masers.
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events during the early stages of their evolution (e.g. Mart´ı
et al 1995; Curiel et al. 2006).
In this paper we present (§2) VLBI multi-epoch water
maser data observed toward AFGL 2591, about 7 years be-
fore (2001-2002 epochs) than those observed by Sanna et al
(2012) (2008-2009 epochs). Our data show a water maser
spatio-kinematical distribution that is globally consistent
with that reported from the 2008-2009 epoch data, but less
extended and smoother. We analyze the 3-D kinematical and
spatial distribution of the maser structures following their
evolution during the time span of 7 years (§3), modeling the
formation and evolution of these maser structures in terms
of two possible scenarios: (1) a single static central massive
YSO, ejecting a jet driving the two bow-shock maser struc-
tures; (2) two embedded driving sources, one exciting the
northern bow shock, and the other one a young runaway
star moving in the local medium at ∼ 20 km s−1 and excit-
ing the smoother southern bow-shock structure observed in
our data (§4). The main conclusions are presented in §5.
2 OBSERVATIONS
Multi-epoch water maser observations were carried out with
the Very Long Baseline Array (VLBA) of the National Ra-
dio Astronomy Observatory (NRAO)1 toward AFGL 2591
at three epochs (2001 December 2, 2002 February 11, and
2002 March 5). We observed the 616 − 523 water maser
transition (rest frequency = 22235.08 MHz) with a band-
width of 8 MHz sampled over 512 channels (spectral reso-
lution 15.625 kHz = 0.21 km s−1) and centered at VLSR =
−7.6 km s−1. All ten VLBA stations of the array were avail-
able and recorded data during an observing time of 6 hours
per epoch. The data were correlated at the NRAO Array
Operation Center.
The amplitude and phase calibration of the observed
visibilities, as well as further imaging, were made with
the NRAO Astronomical Image Processing System (AIPS)
package. The sources 3C45, B2007+777, BL Lac, and
3C454.3 were used for delay and phase calibration, while
bandpass corrections were made using 3C345, BL Lac, and
3C454.3. An isolated maser spot, with a point-like mor-
phology and with high intensity (≃ 10 Jy) in all three
epochs, was chosen to self-calibrate the data and to ob-
tain a first and preliminary coordinate alignment between
the three observed epochs. This reference maser spot has
a radial velocity of VLSR = −18.8 km s
−1 and it is lo-
cated toward VLA 3, with absolute coordinates α(J2000.0)
= 20h29m24.879s, δ(J2000.0) = 40◦11′19.47′′ (± 0.01′′).
As a first step to identify the subregions of AFGL 2591
with water maser emission, we produced large maps with
low angular resolution for each of the three observed epochs.
These maps had 8192× 8192 pixels of 1 mas each, over 512
velocity channels, covering a region of 8.2′′×8.2′′ centered on
the reference maser spot. From them, three subregions with
maser emission were identified, one associated with VLA 2,
another with VLA 3, and the third one located ∼ 0.5′′ north
of VLA 3. We did not detect maser emission in the region
1 The NRAO is a facility of the National Science Foundation
operated under cooperative agreement by Associated Universities,
Inc.
∼ 2′′ southwest of VLA 3, where water maser emission was
previously identified with the VLA (Trinidad et al. 2003; see
Figure 1). We then obtained simultaneously, for each epoch,
full-resolution maps (8192×8192 pixels of 0.1 mas each, over
512 channels) of these fields, as well as of an additional sub-
region where Sanna et al. (2012) also identified water maser
emission (the subregion named in that paper as MW, and
located ∼ 0.6′′ west of VLA 3). The resulting synthesized
beam size was ∼ 0.45 mas for the three observed epochs. The
rms noise level of the maps ranges from ∼ 5 mJy beam−1 in
the channel maps with weak signal, to ∼ 250 mJy beam−1,
in the channels with the strongest maser components.
Finally, each velocity channel map was searched for
maser spots. We refer to a maser spot as emission that oc-
curs at a given velocity channel and with a distinct spa-
tial position. The threshold for the maser spot detection
was taken to be equal to 10 σ in each velocity channel, us-
ing the maser spot search procedure described in Surcis et
al. (2011a). Clusters of maser spots were detected in the
subregions around VLA 2, VLA 3, and ∼ 0.5′′ north of
VLA 3. We did not detect any emission in the MW region,
where Sanna et al. (2012) found water maser emission about
seven years later. We fitted all the maser spots detected with
two-dimensional elliptical Gaussians, determining their po-
sition, flux density, and radial velocity. The water maser
emission in the AFGL 2591 region spans a velocity range
from VLSR ≃ −31 to −2 km s
−1. We estimated that the 1σ
accuracy in the relative positions of the maser spots at each
epoch is better than ∼ 0.01 mas (beam/[2×SNR]; Meehan
et al. 1998). In this paper, we will concentrate on the spatio-
kinematical distribution of the masers found ∼ 0.5′′ north
of VLA 3 (hereafter VLA 3-N), where Sanna et al. (2012)
identified two bow-shock like structures (see §1). The other
two observed clusters of masers associated with VLA 2 and
VLA 3 will be presented and discussed elsewhere.
In Table A1 (published online) we list the positions,
LSR radial velocity, and intensity of all the maser spots
detected in the region VLA 3-N for the three observed
epochs. From this list of maser spots (Table A1) we iden-
tified maser features for proper motion measurements pur-
poses. We refer to a maser feature as a group of three or
more maser spots coinciding within a beam size (∼ 0.4 mas),
and each of them appearing in consecutive velocity channels
(0.21 km s−1). Table 1 contains the main parameters of the
33 maser features from which we measured proper motions
using the three observed epochs (02Dec2001, 11Feb2002, and
05Mar2002). For the alignment of our three observed epochs
with the data set of Sanna et al (2012) to make a proper
comparison (main goal of this work), we identify a maser
feature clearly persisting in the two sets of data: S 17 listed
by Sanna et al. (2012) (which has a relatively small proper
motion), identified in our data set as maser feature ID28
(both having similar radial velocities; Tables 1 and 2). We
have corrected the positions of the feature ID 28 as a func-
tion of time (and therefore to all our data set of 2001-2002),
extrapolated from the position and proper motion of the
maser S17 (Sanna et al. 2012), assuming that it has moved
with constant velocity through the time span of ∼ 7 yr. Af-
ter this alignment, proper motions listed in Table 1 were
estimated by a linear fitting to position of the masers of the
three different epochs as a function of time. The fact that
after this alignment, the whole maser structure of our obser-
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Figure 2. Integrated intensity image of the water maser emission in the region VLA 3-N (dashed square in Figure 1) for the first epoch
of the VLBA observations on 2001 Dec 2 (the spatial distribution of the water maser emission is very similar in the two other observed
epochs, 2002 Feb 11 and 2002 Mar 5). The colour intensity scale is saturated at 7 Jy beam−1 (beam ≃ 0.45 mas) to show the full water
emission structure. The intensity of all the water masers spots is listed in Table A1 (published online).
vations is within that reported by Sanna et al. (2012), and
that the estimated shift in position of our observed masers
for a time span of seven years coincide with the angular sep-
aration between the structures observed in 2001-2002 (this
paper) and those of 2008-2009 (Sanna et al. 2012) (see be-
low, §3) gives our alignment and proper motion estimates
an additional measure of robustness.
We note that the maser feature ID 28 is not the maser
used to self-calibrate our data, which is associated with the
radio continuum source VLA 3 (∼ 0.5′′ south of VLA 3).
All the offset positions of the masers given in this paper
(tables and figures) are relative to the maser spot position
(0,0) used for self-calibrating the data of our first epoch of
observations (02Dec2001; see above). For comparison pur-
poses, further analysis, and full discussion of all the results
obtained in this region, we also list in Table 2 the 19 water
maser features where proper motions have been measured
by Sanna et al. (2012) for the 2008-2009 epochs in VLA 3-N
(all the positions listed in Table 2 are also given with respect
to our reference position [0,0], α [J2000] = 20h29m24.879s ,
δ [J2000]= 40◦11′19.47′′ ± 0.01′′).
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VLA 3−N
Figure 3. Close up of the integrated water maser emission in VLA 3-N (shown in Figure 2) for the Northern (upper panel) and Southern
(lower panel) bow-shock structures for the first epoch of the VLBA observations on 2001 Dec 2 (the spatial distribution of the water
maser emission is very similar in the two other observed epochs, 2002 Feb 11 and 2002 Mar 5). Contours levels are 0.7, 1.2, 2, 4, 10, 20,
60 Jy beam−1 (beam ≃ 0.45 mas).
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3 OBSERVATIONAL RESULTS
In Figure 2 we present an integrated intensity image of the
water maser emission obtained from our VLBA data toward
the region VLA 3-N. The emission shows the presence of two
shell-like structures of water masers with sizes ∼ 30 mas (∼
100 AU) that resemble bow shocks, named hereafter as the
Northern and Southern bow-shock structures. These struc-
tures are observed in our three epochs of observations (2001-
2002). The Northern and Southern bow shocks are separated
from each other by∼ 100 mas (∼ 330 AU). It is worth noting
that the spatial distribution of these water maser structures
agrees very well with those traced by the VLBA observations
reported by Sanna et al. (2012), made seven years after our
observations (see below). This result implies that both the
surrounding interstellar medium and the exciting source(s)
of the masers have been relatively stable over this temporal
scale of seven years.
The Northern and Southern bow shocks detected with
our VLBA data present significant morphological differ-
ences. In fact, while the Northern bow shock has a somewhat
irregular morphology, the Southern one has a remarkable
smooth morphology (not so evident in the data presented
by Sanna et al. 2012), which has remained stable during
our three epochs of VLBA observations. This is more clearly
seen in Figure 3, where we show, as close ups, the integrated
intensity contour maps of the two bow-shock structures.
The water maser emission in VLA 3-N spans a velocity
range from VLSR ≃ −13 to −2 km s
−1, and flux densities
range from ∼ 0.05 to 30 Jy beam−1 (Tables A1 and 1).
Most of the water maser emission appears blueshifted with
respect to the systemic velocity of the extended ambient
molecular cloud of the AFGL 2591 massive star formation
region (VLSR ≃ −6 km s
−1; van der Tak et al. 1999). How-
ever, the center of the velocity range covered by the masers
is closer to the LSR velocity of the HC3N line emission from
the hot molecular core in VLA 3 (VLSR ≃ −7 to −8 km
s−1), measured with the SMA with angular resolution ∼
0.4′′ (Jime´nez-Serra et al. 2012). The water maser spectrum
of the whole VLA 3-N region is dominated by two main
velocity components (∼ 40 Jy), at VLSR ≃ −9.0 and -7.5
km s−1, arising from the Northern and Southern bow-shock
structures, respectively (see Figure 4).
We measured the proper motions of 33 water maser
features located in the VLA 3-N region (Table 1), result-
ing in average tangential velocities of ∼ 20 km s−1 (∼
1.3 mas yr−1). In Figure 5 we plotted the positions of all
the water maser spots measured with the VLBA at epochs
2001-2002 (Table A1), together with the proper motion vec-
tors of these 33 maser features (Table 1). We also plotted
in this figure the 19 maser features measured by Sanna et
al. (2012) in 2008-2009, as well as their proper motions. The
color scale of the symbols represent their LSR radial veloc-
ities.
Figure 5 shows that the northern masers of VLA 3-N
are moving essentially northward, while the southern masers
are moving southward (epochs 2001-2002). This is fully con-
sistent with the results reported by Sanna et al. (2012)
for epochs 2008-2009. In addition, we found that the two
main water maser structures detected in epochs 2001-2002
in VLA 3-N (i.e., the Northern and Southern bow shocks)
fall within the corresponding structures observed in epochs
VLA 3−N
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Figure 4. Water maser spectra of the Northern (top panel) and
Southern (bottom panel) bow-shock structures observed with the
VLBA toward VLA 3-N (see Figures 1 and 2) on 2001 December
02 (the spectra in the other two observed epochs are similar). The
total spectrum obtained for the full region VLA 3-N (∼ 0.1′′ size)
is also shown (central panel).
2008-2009. In fact, the Northern and Southern bow-shock
structures are separated from each other by ∼ 100 mas (∼
330 AU) in epochs 2001-2002, while they are separated ∼ 120
mas (∼ 400 AU) in epochs 2008-2009. This implies that the
two bow-shock structures have increased their angular sep-
aration in the time span of seven years at a relative proper
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Figure 5. Positions of all the water maser spots measured with the VLBA in the region VLA 3-N in epochs 2001-2002 (plus signs;
this paper, Table A1) and in epochs 2008-2009 (filled circles; Sanna et al. (2012)). The color scale represents the LSR radial velocity
of the masers. Arrows (solid and dashed lines for epochs 2001-2002 and 2008-2009, respectively) represent the proper motion vectors
of the maser features listed in Tables 1 and 2. The length of the arrows corresponds to the estimated proper motions over the total
time span of seven years (time span between our VLBA observations and those of Sanna et al. 2012). Note that the positions of all the
maser spots detected in 2001-2002 fall within the area circumscribed by the masers detected in 2008-2009. The Northern and Southern
bow-shock structures are separated from each other by ∼ 100 mas (∼ 330 AU) for epochs 2001-2002, and ∼ 120 mas (∼ 400 AU) for
epochs 2008-2009 (see §§3,4).
motion of ∼ 2.8 mas yr−1. If we assume expansion from a
common center, this would correspond to expanding proper
motions of ∼ 1.4 mas yr−1 (equivalent to a velocity of ∼
22 km s−1). This velocity is consistent with the proper mo-
tion values we have measured for the individual water maser
features. This is more clearly seen from Figure 6, where
we show as a close up the proper motions in the North-
ern and Southern bow-shock structures. The magnitudes of
individual proper motions, represented by the arrow lengths,
roughly coincide with the rate of increase in angular separa-
tion between the structures observed in 2001-2002 and those
of 2008-2009. This is especially remarkable for the Southern
bow-shock structure.
All these characteristics are consistent with the struc-
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Figure 6. Same as in Figure 5, but showing a close up of the water maser proper motions of the Northern (top panel) and Southern
(bottom panel) bow-shock structures in VLA 3-N. Note that the lengths of the solid arrows indicating the estimated shift in position
for a time span of seven years roughly coincide with the angular separation between the structures observed in 2001-2002 (this paper)
and those of 2008-2009 (Sanna et al. 2012), more noticeable for the Southern bow-shock structure. This is consistent with the structures
moving at almost constant velocities during the time span of seven years.
tures moving at almost constant velocities during a time
span of seven years. Considering that the difference between
the radial velocities of the Northern and Southern bow-shock
structures is a few km s−1 (Figure 4), and their radial veloc-
ities are relatively close to the radial velocity of the HC3N
line emission peak observed ∼ 0.25′′ north from VLA 3
within the hot molecular core (Jime´nez-Serra et al. 2012),
together with the large tangential velocities that we obtain
(∼ 20 km s−1), we conclude that the water masers struc-
tures in VLA 3-N are likely moving almost on the plane of
the sky. In addition, within each of the two bow-shock struc-
tures, there are also small radial velocity differences. For the
Southern bow shock, a small velocity shift of ∼ 2 km s−1 is
observed, increasing west to east from VLSR ≃ −8 km s
−1
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Table 1. Proper motions of the VLBA water maser features in AFGL2591 VLA 3-N (2001-2002 epochs)
Feature Detected VLSR Intensity ∆x ∆y Vx Vy
ID Epochs (km s−1) (Jy beam−1) (mas) (mas) (km s−1) (km s−1)
1 1,2,3 −6.1 0.6 −8.27 373.46 9.8 ± 0.8 0.5 ± 0.6
2 1,2,3 −5.7 1.2 −10.05 370.12 11.6 ± 0.3 −6.9 ± 0.2
3 1,2,3 −6.5 0.1 −10.23 369.92 10.9 ± 0.2 −4.5 ± 0.3
4 2,3 −6.1 0.1 −11.19 368.78 12.2 −8.8
5 1,2,3 −7.1 0.4 −12.41 367.97 10.8 ± 1.3 −10.0 ± 1.1
6 1,2,3 −7.5 3.8 −15.37 366.31 11.6 ± 0.2 −12.2 ± 0.2
7 2,3 −7.8 1.5 −16.37 365.85 −1.6 −24.2
8 1,2,3 −7.3 4.3 −17.08 365.76 −6.7 ± 3.1 −20.2 ± 1.6
9 1,2,3 −7.3 1.7 −18.36 365.54 −3.8 ± 1.9 −19.2 ± 1.1
10 1,2,3 −6.7 0.3 −22.98 366.20 −10.5 ± 2.3 −14.4 ± 0.5
11 1,2,3 −7.4 0.8 −23.51 366.22 −0.8 ± 0.2 −16.9 ± 0.2
12 1,2,3 −7.7 0.4 −26.26 367.30 −23.9 ± 0.3 −11.3 ± 0.3
13 1,2,3 −8.0 6.6 −27.53 368.20 −10.9 ± 1.1 −13.1 ± 0.9
14 1,2,3 −8.9 5.1 −28.12 368.77 −11.3 ± 0.1 −9.7 ± 0.1
15 1,2,3 −8.0 2.8 −31.20 371.62 −12.5 ± 0.3 −10.6 ± 0.5
16 1,2,3 −7.3 0.7 −36.38 397.36 −4.8 ± 0.3 11.9 ± 0.3
17 2,3 −6.3 0.2 −30.78 434.50 12.2 0.3
18 1,2,3 −6.5 0.2 −30.88 435.01 7.7 ± 0.8 8.9 ± 1.7
19 1,2,3 −6.4 1.5 −13.36 444.58 −26.4 ± 0.9 −5.6 ± 0.2
20 1,2,3 −11.5 0.1 0.96 453.10 0.3 ± 0.2 −0.6 ± 0.3
21 1,2,3 −11.9 0.3 −3.35 460.43 −3.3 ± 1.7 8.3 ± 0.6
22 1,2,3 −8.7 0.5 −8.54 461.33 −2.0 ± 0.6 7.2 ± 1.3
23 1,2,3 −9.8 2.0 8.03 462.80 3.0 ± 0.2 11.7 ± 0.6
24 1,2,3 −9.1 4.3 11.94 463.19 −6.6 ± 1.1 9.8 ± 0.6
25 1,2,3 −9.0 20.6 17.78 462.57 10.5 ± 0.1 10.6 ± 0.6
26 2,3 −2.3 0.4 17.56 461.44 39.7 0.5
27 1,2 −5.2 0.1 19.86 455.09 12.7 0.6
28 1,2,3 −5.3 1.2 21.16 454.90 −2.5 4.4
29 1,2,3 −5.4 1.3 21.96 454.71 1.7 ± 0.1 2.2 ± 0.3
30 1,2,3 −6.5 0.7 48.37 461.49 2.8 ± 0.2 6.4 ± 0.2
31 1,2,3 −6.7 0.8 49.03 461.31 0.8 ± 1.9 8.6 ± 0.5
32 1,2,3 −6.8 0.1 53.52 458.35 −3.1 ± 1.6 32.8 ± 3.1
33 1,2,3 −6.7 0.4 54.16 456.04 12.2 ± 0.5 20.0 ± 0.8
Notes. The water maser features where proper motions have been measured are numbered in column 1 for
identification purposes. For each feature, the different epochs of detection are given in column 2 (Epoch 1:
2001 Dec 02; Epoch 2: 2002 Feb 11; Epoch 3: 2002 Mar 05). Columns 3 and 4 give, respectively, the LSR
radial velocity and peak intensity of the maser features as observed in the first epoch of detection. The
position offset of the features (referred to the mean epoch of the epochs where the features are detected) are
given in columns 5 and 6, while their proper motions are reported in columns 7 and 8. All the offset positions
are relative to the maser spot position (0,0) used for self-calibrating the data of the first epoch, with absolute
position RA(J2000) = 20h29m24.879s, DEC(J2000)= 40◦11′19.47′′ (± 0.01′′) and VLSR = −18.8 km s
−1.
This maser spot used for self calibrating the data is associated with the radio continuum source VLA 3
(Trinidad et. al. 2003), ∼ 0.5′′ south from the region subject of the study in this paper. For the alignment
of the different observed epochs we used the maser feature S17 observed by Sanna et al. (2012) (see Table
2) and identified in our data set with maser feature ID 28 (this table), assuming it has constant velocity
through the time span of ∼ 7 years between our observations (2001-2002 epochs) and those of Sanna et al.
(2008-2009 epochs). Consequently, for the maser feature ID 28, and for those detected only in two epochs
(IDs 4, 7, 17, 26, and 27), there are not uncertainty estimates for the proper motion values (linear fitting).
We estimate that the accuracy in the relative positions of the maser features is ∼ 0.10 mas. The positions,
LSR radial velocity, and intensity of all the maser spots observed in this region in the three epochs, are listed
in Table A1 (published on-line; see §2) and represented in Figures 5 and 6.
to VLSR ≃ −6 km s
−1 (Figure 6). For the Northern bow
shock, radial velocity differences are relatively larger than
in the Southern one, up to ∼ 4-5 km s−1, but these differ-
ences are distributed more irregularly.
4 DISCUSSION: THE MASER SHELL AS A
STELLAR WIND BOW SHOCK
The Northern and Southern shell-like structures traced by
the water maser emission in VLA 3-N show systematic ex-
panding motions that could imply one or two different cen-
ters of star formation activity. Here we consider two possi-
ble scenarios to explain the spatio-kinematical distribution
of these masers: i) a static central source driving the two
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Table 2. Proper motions of the VLBA water maser features in AFGL2591 VLA 3-N (2008-2009 epochs)
Feature Detected VLSR Intensity ∆x ∆y Vx Vy
ID Epochs (km s−1) (Jy beam−1) (mas) (mas) (km s−1) (km s−1)
S17 a,b,c,d −5.0 22.2 20.04 456.77 −2.5 ± 1.8 4.4 ± 2.1
S18 a,b,c,d −9.2 6.0 19.17 468.30 −7.5 ± 1.7 13.2 ± 2.0
S19 a,b,c,d −12.6 5.4 −15.26 446.41 −7.5 ± 2.0 4.3 ± 2.5
S20 a,b,c,d −7.5 4.5 −12.26 359.10 0.3 ± 2.2 −12.5 ± 2.4
S21 a,b,c,d −8.8 2.9 −6.31 463.47 −13.2 ± 2.1 2.8 ± 2.1
S22 a,b,c,d −8.8 2.3 −7.33 463.42 −5.5 ± 1.7 5.2 ± 2.0
S24 a,b,c −8.4 2.0 24.30 468.13 11.3 ± 4.2 16.0 ± 4.3
S26 a,b,c,d −7.5 1.6 −22.49 358.24 −14.3 ± 1.8 −11.3 ± 2.2
S28 a,b,c,d −7.1 0.7 −5.86 366.28 8.5 ± 1.8 −1.7 ± 2.1
S30 a,b,c,d −5.0 0.5 17.83 457.38 −4.0 ± 2.0 3.1 ± 2.0
S32 a,b,c,d −8.3 0.4 0.54 465.56 −8.5 ± 1.8 5.4 ± 2.2
S33 a,b,c,d −9.6 0.4 −5.59 464.00 −9.7 ± 2.1 6.4 ± 2.2
S34 a,b,c −8.4 0.4 22.84 468.37 14.1 ± 3.3 14.0 ± 8.7
S35 a,b,c,d −7.5 0.4 −36.93 374.32 −14.4 ± 1.8 8.5 ± 2.2
S36 b,c,d −8.4 0.3 26.74 461.06 24.1 ± 3.0 5.7 ± 3.2
S37 a,b,c −6.3 0.2 27.34 463.22 18.0 ± 3.3 −11.0 ± 4.7
S38 a,b,c,d −6.7 0.2 57.85 459.46 1.4 ± 1.8 9.0 ± 2.2
S40 a,b,c,d −6.7 0.2 −4.16 373.03 5.8 ± 1.8 −0.2 ± 2.1
S41 b,c,d −7.5 0.2 −10.13 462.80 −6.1 ± 3.7 0.5 ± 3.0
Notes. Same as Table 1, but for the water maser features with proper motions measured by Sanna et al.
(2012) for the epochs a (2008 Nov 10), b (2009 May 06), c (2009 May 13), and d (2009 Nov 13). The ID
numbers of the features are the same as those listed by Sanna et al. (2012) preceded by an S. All the offset
positions are with respect to the same (0,0) position given for the data of Table 1 after alignment of all the
observed epochs (2001-2002 and 2008-2009; see notes in Table 1 and §2). In this way the offset positions
listed in columns 5 and 6 of this table where obtained by adding (−631.01 mas, +151.08 mas) to the (∆x,
∆y) positions listed in columns 5 and 6 of Table 2 of Sanna et al. (2012).
bow-shock structures; ii) two independent driving sources,
one of them exciting the Northern bow-shock structure, and
the other one, a young runaway star moving in the local
molecular medium at ∼ 20 km s−1, exciting and molding
the smoother Southern bow-shock structure. Given that the
Southern structure has a remarkably smooth morphology
and systematic proper motions, we use this structure to de-
velop the model.
4.1 The bow-shock model
The water masers of the Southern structure detected in the
VLA 3-N region trace a more or less smooth arc on the plane
of the sky. When compared with the structure observed by
Sanna et al. (2012), it is clear that the arc-like structure
(traced by the masers) is moving as a whole, in an approxi-
mately southward direction.
Sanna et al. (2012) interpreted this arc of masers, to-
gether with the Northern structure, as part of an elliptical
bow shock expanding into the molecular cloud, driven by
a static central source, and expanding into the molecular
cloud. The heating and compression of the molecular mate-
rial at the shock gives rise to the observed maser emission.
We think that this bow-shock interpretation is basically
correct. But here we present a generalized and more de-
tailed model for this bow-shock scenario. Our interpretation
is based on the work of Raga et al. (1997) on the proper
motions of condensations in a bow-shock flow. This work
presents a derivation of the basic parameters of the bow
shock (such as its velocity, direction and environmental mo-
tion) from a set of observed proper motions of water maser
features.
Firstly, we assume that the bow shock has an axially
symmetric shape and that it moves with a constant velocity
(in magnitude and direction) with respect to the surround-
ing molecular cloud. As the bow shock moves, it heats, com-
presses and pushes the molecular cloud material, producing
a thin shell of emitting gas.
The bow shock moves at a velocity vbs, directed at an
angle φ with respect to the plane of the sky. The water
masers are likely to trace the bow shock “edge” (i.e., the
region in which the thin shell is tangential to the line of
sight), since this is the line of maximum (local) optical depth
as seen by the observer.
If we assume that the bow shock has a paraboloidal
shape, the projection of the bow shock (which moves in an
arbitrary direction) on the plane of the sky is also a parabola.
This is demonstrated in Appendix A, in which we develop
the equations describing the shape of the bow shock.
4.2 Fits to the observed bow shapes
We now use equations (A8) to (A10) to carry out an un-
weighted least squares fit to the (x, y) positions of the ob-
served masers of the Southern structure (see Table A1), from
which we obtain the parameters (x0, y0, θ, B) of the best-fit
parabola. Fits are done to our three observed epochs, as well
as to the 2008-2009 maser positions of Sanna et al. (2012).
The fits are shown in Figure 7, and the resulting pa-
rameters (together with their errors) are given in Table 3.
As seen from the standard deviation of the values obtained
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Table 3. Parameters of the parabolic fits to the bow shapes
Epoch t x0 y0 θ B
(days) (mas) (mas) (◦) (mas−1)
1 0 −17.68 365.68 −9.73 0.0536
2 71 −17.64 365.44 −9.90 0.0532
3 93 −17.72 365.32 −9.45 0.0532
S1 2535 −19.50 356.56 −2.18 0.0530
σ2 . . . 1.80 0.39 5.27 0.0038
1 Sanna et al. (2012).
2 Standard deviations of the values obtained in the four parabolic
fits.
Table 4. Parameters of the bow shock for different orientations
φ R0 vbs R
′
0
(◦) (AU) (km s−1) (mas)
0 18.6 24.0 5.6
30 16.1 27.7 5.4
45 13.1 33.9 5.2
60 9.3 48.0 4.9
90 0.0 ∞ 4.7
for each parameter in the fits of the different epochs, quoted
in the bottom line of this table, the only parameters that
show significant trends with time are x0 and y0 (i.e., the
position of the head of the projected bow shock), while the
dispersion of values of theta and B is small, consistent with
a time-independent behavior.
In Figure 8 we plot the values of x0 and y0, θ and
B as a function of time. For x0 and y0 we have carried
out least squares fits to the resulting time-dependencies
(also shown in Figure 8), from which we obtain velocities
Figure 7. Maser positions from our three epochs (blue, magenta,
and red crosses, see Table A1) and the maser positions from Sanna
et al. (2012) (green crosses, see Table 2). The parabolic fits to
the four sets of maser positions are shown with solid lines of the
appropriate colours.
Figure 8. Parameters from the parabolic fits to the masers of our
three epochs and the masers of Sanna et al. (2012) as a function of
time (with t = 0 corresponding to our first epoch: 2001 Dec 02).
We have obtained linear fits for the position (x0, y0) of the tip of
the bow shock in the four available epochs, which are shown with
solid lines in the corresponding plots (the same fits are shown in
the plots of the left and right columns). The graphs of the right
column show the four epochs, and the left column graphs show
our three epochs with an expanded time-axis.
of (−0.27 ± 0.31, −1.31 ± 0.07) mas yr−1 (in α and δ, re-
spectively), corresponding to (−4.2 ± 4.8, −20.6 ± 1.0) km
s−1 at a distance of 3.3 kpc. The full plane of the sky veloc-
ity therefore is of 21.0 km s−1, which is consistent with the
proper motion velocities of the fastest masers (see Tables 1
and 2).
We have to note that a similar fit for the observed
masers of the Northern structure is not possible because this
structure shows a somewhat irregular morphology. However,
we think that the nature of this structure is similar to that
of the Southern bow shock and that the observed morpho-
logical differences could be due to a non uniform VLA 3-N
ambient medium, being the density or turbulence larger in
the northern parts. We also can not rule out that the North-
ern structure is more evolved and it has begun to disperse.
4.3 The motions of the individual masers
The motions of masers lying on the projected edge of a bow
shock are also derived in Appendix A. We carry out least
squares fits of equations (A15-A16) with B = 0.0533mas−1
and θ = 9.7◦ (the mean values of the fits to the bow shapes,
see the right column of Table 3) to the observed vx′ and vy′
vs. x′ dependencies, from which we obtain the parameters of
the bow shock. The corresponding fits are shown in Figure
9. The parameters resulting from the vx′ vs. x
′ fit are:
v0x′ = −(2.95±1.32) kms
−1 vbs cosφ = (24.80±3.17) kms
−1 ,
(1)
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Figure 9. The crosses show the proper motions vx′ , vy′ and
vT =
√
v2
x′
+ v2
y′
of the individual maser spots as a function
of the x′ coordinate (measured perpendicular to the axis of the
projected bow shapes, see Figure A1). The solid lines correspond
to the least squares fits described in the text.
and the parameters resulting from the vy′ vs. x
′ fit are:
v0y′ = (4.23±2.55) km s
−1 vbs cos φ = (23.35±3.55) kms
−1 .
(2)
The values of vbs cos φ obtained from both fits are consistent.
Also, using the inverted form of equations (A17) and (A18),
from the fitted values of v0x′ and v
0
y′ (see equations 1-2), we
obtain the motion on the plane of the sky
v0x = (−3.62±2.72) km s
−1 v0y = (3.67±2.75) kms
−1 , (3)
of the environment into which the bow shock is traveling.
The (v0x, v
0
y) velocity corresponds to the motion of the molec-
ular cloud with respect to the observer.
If we subtract this environmental motion from the ve-
locity of the tip of the bow shock (−4.2 and −20.6 km s−1
along the x and y coordinates, calculated above from the fits
to the observed bow shapes), we obtain a (−0.57,−24.24)
km s−1 velocity (in α and δ, respectively) of the bow shock
with respect to its surrounding environment. This corre-
sponds to a full plane of the sky motion of 24.25 km s−1
of the bow shock with respect to the molecular cloud, which
is consistent with the values of vbs cos φ obtained from the
fits to the v0x′ and v
0
y′ vs. x
′ dependencies (see equations 1
and 2).
In this way, we find that the proper motions derived
from parabolic fits to the bow shapes (in the 4 different
epochs) and the proper motions of the individual masers are
all consistent with a single, parabolic bow shock model with
a “shape parameter” B = 0.0533 mas−1 (see equation A8)
with a plane of the sky motion of (−0.6, 24.2) km s−1 (along
α and δ) with respect to an environment with a (−3.6, 3.7)
km s−1 plane of the sky motion (see equation 3).
Now, if the maser spots are located in the leading edge
of the projected bow shock, we expect their line of sight ve-
locities to be zero. The observed small LSR velocity shift of
the masers in the Southern bow-shock structure, with ve-
locities between −8 and −6 km s−1 (see §3.1 and Table 1),
therefore indicates that the environment molecular gas has
radial velocities in this range. This result is in agreement
with the millimeter CO and submillimeter HC3N observa-
tions of van der Tak et al. (1999) and Jime´nez-Serra et al.
(2012), respectively.
4.4 Parameters of the stellar wind: the runaway
star scenario
The fact that the Northern and Southern bow-shock struc-
tures detected with our data present significant morphologi-
cal differences, with the Southern one showing a remarkably
smoother morphology, led us to consider an alternative sce-
nario in which we have two embedded driving sources in
VLA 3-N (instead of a single static central driving source).
One exciting the most irregular Northern bow-shock struc-
ture, and the other one exciting the smoother Southern bow
shock.
Let us now assume that the Southern bow shock is pro-
duced by the interaction of a spherical wind from a run-
away star with a uniform molecular environment (while the
Northern bow shock is produced by another different driv-
ing source). This problem has been studied, e.g., by Canto´
et al. (1996), who give an analytic expression for the shape
of the bow shock. This shape will remain unchanged as the
star moves through the cloud, moving together with the star
(consistent with the fact that the observed “shape parame-
ter” B is approximately constant, see Table 3).
As mentioned above, the shape of the bow shock (close
to its apex) can be approximated by the parabola given by
equation (A4), with a stagnation radius R0 given by the ram
pressure balance condition
M˙wvw
4piR2
0
= ρ0v
2
∗ , (4)
where M˙w and vw are the wind mass loss rate and velocity
(respectively), v∗ is the velocity of the star with respect to
the cloud and ρ0 is the environmental density. From equa-
tions (A3), (A4) and (A8) it follows that
R0 =
3 cos φ
10B
. (5)
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Taking the B = 0.0533 mas−1 value deduced from the ob-
served bow shapes (see Table 3), we then obtain(
R0
AU
)
= 18.6 cos φ , (6)
for a distance of 3.3 kpc.
Now, from equations (1-2) we have
vbs ≈
24.0 kms−1
cosφ
. (7)
Also, the projected distance between the observed tip of the
bow shock and the star is
R′0 = |w
′
0|+R0 cosφ , (8)
where w′0 is given by equation (A7). Using Eqs. (A8), (5)
and (8), we obtain
R′0 =
1
4B
(
1 +
1
5
cos2 φ
)
, (9)
or (
R′0
mas
)
= 4.69
(
1 +
1
5
cos2 φ
)
(10)
for B = 0.0533 mas−1. In Table 4, we give the values of
R0, vbs and R
′
0 for different values of the orientation angle
φ between the symmetry axis of the flow and the plane of
the sky, obtained from equations (6), (7) and (10).
As expected, for φ = 90◦ there is no information about
the bow-shock velocity. Interestingly, the position of the star
with respect to the observed bow-shock tip (R′0) is limited
to a range between 4.7 and 5.6 mas (for all values of φ).
The narrowness of this interval is a consequence of the weak
dependence of R′0 on the orientation angle φ (see equation
9).
To estimate the stellar wind parameters, we have to fix
a value for R0 and use equation (4). Let us take R0 ≈ 15
AU and vbs = 30 km s
−1 (corresponding to φ ∼ 37◦), which
are representative values for a bow shock with an angle φ
(with respect to the plane of the sky) not exceeding ∼ 60◦
(see Table 4). This velocity is highly supersonic with respect
to the 6 1 km s−1 sound speed of the molecular cloud, and
the shock is therefore strong.
Since in our model the shock velocity at the bow-shock
tip is vbs = v∗, the right hand side of equation (4) therefore
represents the pressure in the cooling region of the shock.
We then have
ρ0v
2
∗ = ρ0v
2
bs = nkT , (11)
where n and T are the density and temperature of the cool-
ing region (in which the maser emission is produced).
According to Claussen et al. (1997), the density n(H2)
of molecular hydrogen and the temperature T for the exci-
tation of water maser emission at 22 GHz must be in the
ranges n(H2) ∼ 10
8-109 cm−3 and T ∼ 200-300 K. There-
fore, nkT ∼ (0.28-4.1)× 10−5 dyn cm−2. We can then com-
bine eqs. (4) and (11) to obtain:
M˙wvw = 4piR
2
0(nkT ) , (12)
which for the parameters of our problem becomes(
M˙w
10−8M⊙ yr−1
)( vw
100 km s−1
)
=
0.45
(
R0
10AU
)2 (
nkT
10−5dyn cm−2
)
≈ 0.28− 4.1 , (13)
where the second equality corresponds to R0 = 15 AU and
nkT ∼ (0.28-4.1) × 10−5 dyn cm−2 (as estimated above).
This result indicates that the observed maser arc could be
produced by a young, low mass star with a wind velocity
vw ∼ 100 km s
−1 and a moderate mass loss rate M˙w ∼
10−8M⊙ yr
−1.
Finally, let us estimate the density of the surrounding
cloud. For this, we consider an average mass m ≈ 2mH for
the gas particles. From Eq. (11) we then obtain:
( n0
cm−3
)
= 3.0× 106
(
nkT
10−5
)(
10 kms−1
vbs
)2
≈ (0.93 − 13.6) × 105 , (14)
where for the second equality we have set vbs = 30 km s
−1
and nkT in the range estimated above.
4.5 Summary
We find that the proper motions derived from parabolic fits
to the observed Southern arc and the proper motions of the
individual masers are consistent with a bow shock (with a
time-independent shape) moving at a velocity of ∼ 24 km
s−1 within an environment with a velocity of ∼ 5 km s−1
(both on the plane of the sky).
If we model this bow shock as the interaction of an
isotropic stellar wind with a homogeneous, streaming envi-
ronment, we find that the observations are consistent with a
wind with a velocity vw ∼ 100 km s
−1 and a mass loss rate
M˙w ∼ 10
−8 M⊙ yr
−1. Therefore, the source producing the
observed maser arc structure could be a normal low mass,
young star, moving at a velocity of ∼ 24 km s−1 on the plane
of the sky.
Interestingly, the stellar wind bow-shock model predicts
that the position of the star should lie ≈ 4.7 − 5.6 mas ap-
proximately north of the apex of the bow shock (the range of
possible distances corresponding to different possible values
of the unknown angle φ between the bow-shock axis and the
plane of the sky). In an attempt to detect a radio continuum
source at the predicted position by the model, we analyzed
the VLA archive data of project AJ337. This project in-
cludes observations made in the A (2007 July 26), B (2008
January 18) and C (2008 March 09) configurations at 3.6 cm
and 7 mm. The data were reduced following the NRAO
recommendations and the different configurations were con-
catenated to obtain images of good quality. We clearly detect
VLA 3 at both wavelengths, but we fail to detect a source to-
wards VLA 3-N with 3-σ upper limits of 0.036 mJy beam−1
(λ = 3.6 cm; beam ≃ 0.24′′) and 0.20 mJy beam−1 (λ =
7 mm; beam ≃ 0.15′′). Future searches with higher sensitiv-
ity of the emission from this source will show whether or not
our bow-shock model works well in its present form.
It is important to note that a detailed model was not
made for the water masers tracing the Northern bow-shock
structure. As it has been mentioned, these masers are not
showing a remarkably smooth morphology; instead, they are
tracing an structure with a somewhat irregular morphology,
opening the possibility that it is excited by another different
YSO and in a possibly more turbulent region.
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5 CONCLUSIONS
We have performed and analyzed multi-epoch VLBA wa-
ter maser observations toward the high-mass star forming
region AFGL 2591 with an angular resolution of 0.45 mas.
Clusters of masers were detected toward the massive YSOs
VLA2, VLA 3, and ∼ 0.5′′ (∼ 1700 AU) north of VLA 3,
identifying a new center(s) of star formation by its outflow
activity (VLA 3-N). The water maser emission in VLA 3-
N is distributed in the form of two bow shock-like struc-
tures separated from each other by ∼ 100 mas (∼ 330 AU).
The Northern bow shock-like structure is moving essentially
northward, while the Southern one is moving southward.
These water maser structures observed in epochs 2001-2002
are contained within the area circumscribed by the cor-
responding structures observed by Sanna et al. (2012) in
epochs 2008-2009, implying that these structures have per-
sisted during the time span of seven years but increasing
their angular separation at a relative proper motion of ∼
2.8 mas yr−1. We find that, while the Northern bow shock-
like structure has a somewhat irregular morphology, the
Southern one has a remarkably smooth morphology. We
have considered two alternative scenarios to explain these
structures: (1) a single, static YSO ejecting a jet, and driv-
ing the two bow shock-like structures and (2) at least two
YSOs, each of them exciting one of the structures.
In particular, we made a detailed modeling for the
Southern structure and found that its spatio-kinematical
distribution fits very well with a bow shock with a time-
independent shape. We have modeled this bow shock as the
interaction of an isotropic stellar wind from a runaway YSO
with an homogeneous, streaming environment. The YSO
moves at a velocity of ∼ 24 km s−1 on the plane of the sky.
Our model predicts that the position of this driving YSO
(with vw ∼ 100 km s
−1 and M˙w ∼ 10
−8 M⊙ yr
−1) should
lie ∼ 5 mas north of the apex of the Southern bow shock.
Future, sensitive radio continuum observations are nec-
essary to discriminate between the different scenarios, in
particular to identify the still unseen driving source(s) and
determine its (their) nature.
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APPENDIX A: BOW SHOCK MODEL
A1 The shape of the bow shock
Let r(w) be the cylindrical radius of the bow shock as a
function of the distance w measured along the symmetry
axis. Then, the locus of the edge of the bow shock on the
(x′, w′) plane of the sky (with x′ = 0, w′ = 0 corresponding
to the observed bow-shock tip, the x′ axis perpendicular to
the projected symmetry axis, and w′ perpendicular to x′) is
given by (see Raga et al. 1997):
x′ = r
[
1−
(
dr
dw
)2
tan2 φ
]1/2
, (A1)
w′ = w cos φ
[
1−
r
w
(
dr
dw
)
tan2 φ
]
. (A2)
To proceed, let us assume that r(w) is a parabola:
r = Aw1/2 , (A3)
where A is a constant. We assume this shape for the bow
shock because any “flat topped” functional form can be ap-
proximated to second order as a parabola in the region of its
apex. For instance, a bow shock generated by a star with an
isotropic wind moving into a uniform medium has a complex
shape (Wilkin 1996; Canto´ et al. 1996), which in the apex
region can be approximated by
r =
(
10R0
3
)1/2
w1/2 , (A4)
where R0 is the distance between the star and the tip of the
bow shock.
Combining equations (A1-A3), one can show that the
locus of the edge of the bow shock on the plane of the sky
is also a parabola, given by
x′ =
A
cos1/2 φ
y′1/2 , (A5)
where
y′ = w′ −w′0 , (A6)
w′0 = −
A2
4
tanφ sinφ . (A7)
Actually, w′0 is the projected distance between the real tip
of the bow shock and its “projected head” on the plane of
the sky.
Now, if (x, y) is the observer’s reference frame (offsets
in right ascension and declination with respect to a fiducial
position), we have the general situation shown in Figure A1.
From equation (A5), the shape of the bow shock on the plane
of the sky is
y′ = Bx′2 ; withB = cosφ/A2 . (A8)
Also, the (x′, y′) and the (x, y) reference frames obey the
standard equations of coordinate transformation
x′ = (x− x0) cos θ − (y − y0) sin θ , (A9)
y′ = (x− x0) sin θ + (y − y0) cos θ , (A10)
where (x0, y0) are the coordinates of the head of the pro-
jected bow shock, and θ is the angle between the projected
symmetry axis and the y-axis (see Fig. A1).
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Figure A1. Schematic diagram showing the observer’s plane-
of-the-sky reference frame (x, y) and the (x′, y′) reference frame
aligned with the projected bow shock shape (with the y′ axis
parallel to the symmetry axis of the bow shock, and y′ = 0 at the
projected tip of the bow shock). The position on the plane of the
sky of the projected bow-shock tip is (x0, y0).
A2 The velocity field
Let us now consider the motion on the plane of the sky of the
post-bow shock gas. Let us first assume that the gas ahead
of the bow shock is at rest. Following Raga et al. (1997), it is
then straightforward to show that, locally, the gas moves in
the direction of the vector normal to the shock. For a highly
radiative shock, because of the large resulting compression
of the material, the cooling region closely follows the motion
of the shock. Therefore, the magnitude of its velocity is:
v = vbs sinα , (A11)
where α is obtained from the relation
tanα =
dr
dw
. (A12)
The projection of this velocity on the plane of the sky for
the points along the observed edge of the bow shock is
vx′ = ±vbs sinα cosα
√
1− tan2 α tan2 φ , (A13)
vy′ = −vbs
sin2 α
cos φ
, (A14)
while its projection along the line of sight is vr = 0, consis-
tent with the fact that we are seeing the edge of the bow
shock, in which the line of sight is tangent to the bow-shock
surface. The derivation of equations (A11-A14) is given by
Raga et al. (1997; see their eqs. [16] and [17]).
Combining equations (A1), (A3), (A8), (A12), (A13)
and (A14) one finds
vx′ = v
0
x′ +
2Bx′
1 + 4B2x′2
vbs cos φ , (A15)
vy′ = v
0
y′ −
vbs cos φ
1 + 4B2x′2
, (A16)
where we have also introduced v0x′ and v
0
y′ , which represent
the two components of a possible motion (with respect to the
observer) of the environment within which the bow shock is
propagating.
Then, using equations (A9) and (A10) with x0 =
−17.68mas, y0 = 365.48mas and θ = −9
◦.7 (the average
of epochs 1-3 of the parameters given in Table 3), we calcu-
late the positions (x′, y′) from the maser positions of Table
1. Similarly, using the rotations
vx′ = vx cos θ − vy sin θ , (A17)
vy′ = vx sin θ + vy cos θ , (A18)
we obtain the vx′ and vy′ motions of the masers (in the
primed reference system, aligned with the bow shock, see
figure A1) from the observed proper motions given in Table
1. The resulting velocities as a function of the x′ coordinate
are shown in Figure 9. In this figure, we also plot the total
velocity vT =
√
v2x′ + v
2
y′ on the plane of the sky.
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